ABSTRACT Aim: We measured electrical activity of the diaphragm (Edi) to compare the breathing effort in preterm infants during weaning from respiratory support with high-flow nasal cannulae (HFNC) or nasal continuous positive airway pressure (nCPAP).
INTRODUCTION
There is no worldwide consensus with regard to the best way to wean preterm infants from nasal continuous positive airway pressure (nCPAP) treatment (1, 2) . A gradual decrease in positive end-expiratory pressure (PEEP) to 3 cmH 2 O and then removal of nCPAP is assumed to be a method that allows the respiratory muscles to strengthen and still obtain functional residual capacity (2) . The gradual decrease in pressure has been associated with a higher success rate compared to sudden weaning (1) , resulting in a reduction in the time on nCPAP and the weaning period overall (3) .
Over the last decade, high-flow nasal cannulae (HFNC) have been increasingly used in neonatal intensive care units (2, 4) , both as primary respiratory support and during the weaning period. This respiratory support might minimise the time on nCPAP and thereby avoid related complications, such as tight-fitting leading to nasal erosion, gastric distension, discomfort, challenges with breastfeeding and interactions with parents (5) . Although HFNC delivers unregulated end-expiratory oesophagal pressure (6) (7) (8) , studies have shown that HFNC reduces work of breathing, optimises pulmonary mechanisms and delivers a clinically relevant distending pressure (9, 10) . HFNC is also considered easy to administer and comfortable for the infant. However, there are still unanswered questions regarding the Abbreviations Edi, Electrical activity from the diaphragm; FiO 2 , Fraction of inspired oxygen; HFNC, High-flow nasal cannulae; nCPAP, Nasal continuous positive airway pressure; pCO 2 , Partial pressure of carbon dioxide; PEEP, Positive end-expiratory pressure; SaO 2 , Oxygen saturation.
Key notes
This randomised cross-over study measured electrical activity of the diaphragm (Edi) to compare the breathing effort in 21 preterm infants during weaning from respiratory support. The infants were given high-flow nasal cannulae (HFNC) 6 L/minute for four hours and nasal continuous positive airway pressure (nCPAP) 3 cmH 2 O for four hours with a one-hour wash-out period. We found no difference in the breathing effort and concluded that HFNC could replace nCPAP when preterm infants are ready for weaning.
safety, efficacy, short-term and long-term outcomes of this method (7, (11) (12) (13) .
There is a lack of evidence on the true delivered pressure reaching the alveolar level from both HFNC and nCPAP (5, 8, 11) and that is why we wanted to explore the breathing effort in preterm infants with a reduced PEEP on nCPAP or HFNC as methods of weaning. Breathing effort was registered by measuring electrical activity of the diaphragm (Edi) and clinical data. Electromyography signals from the diaphragm is a method that gives detailed and objective information on the neural drive of respiration, and it might be a useful tool for evaluating the breathing effort during different types of respiratory support systems (14) (15) (16) (17) . Edi signals are measured by a minimally invasive method, using an advanced feeding tube with microsensors to capture the Edi signals, or noninvasively with surface electrodes (15, 18) .
When this study was initiated, HFNC was a novel method in Norway and there were different recommendations on the flow rates during HFNC (5, 13, 19) . A lung study by Frizzola et al. (20) found that the tracheal pressures during HFNC and nCPAP were similar at the same flow range, and nCPAP of 3 cmH 2 O was obtained by a flow range of 6 L on nCPAP. Therefore, a comparison with HFNC 6 L/minute seemed like an appropriate choice for our study (Fig. 1) . We hypothesised that there would be no differences in the breathing effort during HFNC or nCPAP measured by electrical activity in the diaphragm, respiratory rate, heart rate or in the modified Silverman-Andersen Retraction Score (21) .
METHODS

Study population
The study was performed at St Olav's University Hospital in Trondheim, Norway, between December 2013 and June 2015.
The population comprised preterm infants with gestational ages between 28 + 0 and 33 + 6 weeks and birth weights of at least 1000 g. At inclusion, the infants had to be in a stable clinical condition with less than three episodes of apnoea and bradycardia that required stimulation and treatment with nCPAP with a PEEP of 4-5 cmH 2 O during the last 48 hours. In addition, the partial pressure of carbon dioxide (pCO 2 ) measured in blood gas had to be below nine kilopascal and the supplemental fraction of inspired oxygen (FiO 2 ) below 0.30 at inclusion. Infants in need of sedation, with damage to the phrenic nerve or with anomalies of the upper or lower airway system, were excluded.
Equipment
The nasal cannulae for HFNC were adapted to maintain a leak around the nares and not to occlude more than 50% of the nostrils, using BC 2425 and 2435 cannulae that had external diameters of 2.4 and 2.6 mm (Fischer & Paykel Healthcare, Auckland, New Zealand). The gas flow was 6 L/minute for the HFNC air-oxygen blender device (Precision Medical, Northampton, PA, USA), and the system had a pressure relief valve at 45 cmH 2 O. This study used the infant variable flow nCPAP (Viasys, Conshohocken, PA, USA) with PEEP 3 cmH 2 O maintained with a gas flow at 6 L/minute. Nasal mask or binasal prongs was adapted to maintain a tight system without leaks. The MR 850 (Fischer & Paykel Healthcare) humidifier was combined with both the nCPAP and HFNC device.
Diaphragmatic electromyography
The standard nasogastric feeding tubes were changed into specially designed feeding tubes, namely size six French Edi catheters with microsensor electrodes placed in an array in the end of the tubes to measure electrical activity of the diaphragm. This catheter was connected to a SERVO-i ventilator (Maquet Critical Care AB, Solna, Sweden) for Edi registration. The maximum diaphragmatic load when the muscle contracted, namely Edi peak, was the amplitude of action potentials from the diaphragm during inspiration (15) . The minimum diaphragmatic load when the muscles were relaxed, Edi min, was the electrical activity in the muscle between the breaths (15).
Modified Silverman-Andersen Retraction Score
The original Silverman-Andersen Retraction Score is used to assess the severity of respiratory distress in preterm infants (21) . The original score includes four inspiratory categories of movements: thoracho-abdominal, intercostal, xiphoid and chin movements or nasal flaring (22) , and the expiratory category of grunting (21) . For this study, we modified the scoring tool and removed nasal flaring because it was not possible to measure this as the devices covered the nose, and we also removed expiratory grunting due to the stable condition in the infants. No respiratory distress was categorised as zero, mild to moderate respiratory distress as 1-3 and severe respiratory distress as 4-6. The modified Silverman-Andersen Retraction Score was assessed by trained nurses, and in the infants were also video recorded for a blinded assessment.
Data collection
Edi peak and Edi min signals were measured in microvolt and transferred from a SERVO-i ventilator to the Critical Care Manager 8.0 computer-based information system (Picis, Wakefield, MA, USA) in 30-second intervals. The infants' heart rate and respiratory rates were monitored using the IntelliVue MP 50 (Philips Healthcare, Andover, MA, USA). Recordings of physiological data for the individual infant were stored in the Picis at 30-second intervals.
Design and intervention
This was a randomised cross-over study, and randomisation was performed by a web-based system developed and administered by the Unit of Applied Clinical Research within The Faculty of Medicine and Health Sciences, Norwegian University of Science and Technology, Trondheim, Norway. The infants received either HFNC 6 L/ minute or nCPAP 3 cmH 2 O for four hours followed by a wash-out period of one hour with nCPAP 4-5 cmH 2 O. Then a new intervention period followed with either HFNC or nCPAP for another four hours. Baseline data were registered over a 30-minute period at the start of the study. Each infant was lying on its parent's chest skin-to-skin for at least one hour during each intervention. In addition, the infant received nursing care such as feeding and nappy changes during the recording and was individually positioned in a comfortable position. We did this because we wanted to reflect normal daily activity and provide a realistic picture of the breathing effort during the study period of 9.5 hours, which included the 30 minutes monitoring baseline data. FiO 2 was adjusted to provide saturation (SaO 2 ) of 90-94%. Failure criteria of the intervention were increased breathing effort of more than 10%, increased FiO 2 of more than 1 kilopascal, increased transcutaneous pCO 2 , increasing apnoeas or bradycardias or clinically unstable infants. We continuously measured the Edi signals during the study period. Missing Edi signals were registered on the SERVO-i ventilator, and apnoeas, desaturations and bradycardias were monitored on the IntelliVue and observed by a bedside nurse during the whole study period. The Regional Committee for Medical Research Ethics in Central Norway approved the study and written, informed parental consent was obtained prior to the study. The study was registered with ClinicalTrials.gov (NCTO2014493).
Primary and secondary outcomes
The primary outcomes were neural breathing effort measured by the Edi signals of Edi peak and Edi min. The secondary outcomes were respiratory rate, heart rate and the modified Silverman-Andersen Retraction Score.
Statistical methods
Based on results from a previous pilot study, a sample size of 20 participants was found to be sufficient to obtain a power of 80% for a paired t-test when comparing Edi signals of the HFNC and nCPAP treatments. We considered a difference in 4 lV in Edi peak to be clinically relevant. The standard deviation from the pilot study was 6.1 during HFNC and 6.8 during nCPAP. Based on these values, and an assumed within-subject correlation of 0.5, the SD for the difference was set to 6.0.
The data were analysed using the SPSS statistical software program 21.0 (IBM Corp, New York, NY, USA). A paired ttest was used to compare the HFNC and nCPAP groups in normally distributed variables, and nonparametric Wilcoxon signed-rank tests were used for non-normal data. McNemar's test was used for the clinical scorings in the modified Silverman-Andersen Retraction Score. p-values <0.05 were considered statistically significant.
RESULTS
In this study, 27 children were eligible to take part, but the parents of four infants did not give their consent, one infant was transferred to another hospital and one child was excluded due to oesophageal atresia. Hence, 21 preterm infants were included in the study. Table 1 shows the clinical characteristics of all the infants and the baseline values for the Edi signals, respiratory rate and heart rate. The mean birth weight was 1380 g, and the mean gestational age at birth was 29 + 5 weeks. The results for the primary and secondary outcomes are presented in Tables 2-4 . When we compared the HFNC and nCPAP interventions, we found no differences in the median Edi peak (8.0 lV for HFNC 6 L/minute versus 7.8 lV for nCPAP 3 cmH 2 O, p = 0.095) or median Edi min (1.1 lV for HFNC 6 L/minute versus 1.2 lV for nCPAP 3 cmH 2 O, p = 0.958). There was no difference in mean heart rate (157 for HFNC 6 L/minute versus 159 for nCPAP 3 cmH 2 O, 95% CI À6 to 2, p = 0.300). However, mean respiratory rate was significantly lower during HFNC 6 L/minute than during nCPAP 3 cmH 2 O (47 versus 52, 95% CI À8.8 to À1.2, p = 0.012). Figure 2 shows an example of the variation in Edi signals in one child during HFNC and nCPAP recorded over the intervention period of two times four hours. Due to technical issues in transferring the SaO 2 data to Picis, data of SaO 2 in 19 of 21 patients were registered. There were no significant differences in mean SaO 2 between the interventions (93.8% for HFNC and 94.0% for CPAP, SD 1.4%, p = 0.424).
There were no significant differences between HFNC and nCPAP using the modified Silverman-Andersen Retraction Score blinded (p = 1.000) and not blinded for the interventions (p = 0.500). During the 9.5-hour study period, there were no adverse events.
DISCUSSION
The most important results in our study were that the Edi peak and Edi min were similar during HFNC and nCPAP, and it seemed like HFNC 6 L/minute was just as well tolerated as nCPAP 3 cmH 2 O in this population.
A reference range for Edi signals in preterm infants with various noninvasive respiratory support during postnatal maturation was described by Stein et al. (15) and our findings corresponded well with those results. Because of the limited data available on Edi signals in preterm infants during the weaning period from respiratory support (23) , and the uncertainty of the level of pressure delivered from HFNC, our study might contribute useful information about the breathing effort and the neural drive of respiration in preterm infants.
We found no differences in the measured Edi peaks, indicating that the two methods were similar regarding diaphragmatic activity and the infant's inspiratory work of breathing. Also the Edi min, which is related to the activity of the diaphragm at end-expiration and one of the mechanisms to maintain end-expiratory lung volume (24), did not change in either case. The heart rate was unchanged during these two interventions, supporting these findings. The results might reflect that in each intervention the infants were neither stressed nor under-ventilated due to lack of respiratory support. We speculate that these findings indicate that the level of pressure delivered was similar in the two interventions, although was not possible to measure pressure during HFNC. nCPAP and HFNC both deliver heated and humidified gas flow and the main difference between the two methods is the generation of pressure (9) . During HFNC, the pressure is generated in the upper airways during each breath, and the resistance is dependent on the cannula size and whether the mouth is opened or closed (6, 9) . During nCPAP, constant distending pressure and resistance generated in the circuit leave a low pressure distension in the lungs at the end of expiration (6) . If the nasal prongs are tightly fitted and the mouth is closed, it is possible to achieve the pressure set by the clinician and, unlike HFNC, it is controllable (6).
In our study, there was a large variability in the recorded data of the Edi signals in each included child. This variability has also been observed in other studies (14, 24) , and we can only speculate about whether this variability was due to prematurity, underlying diagnoses or complications during the neonatal period. Further discussion of this topic would, however, exceed the scope of this paper.
High-flow nasal cannulae delivers unregulated endexpiratory oesophagal pressure (6, 8) , and a compensatory increase in the respiratory rate might be expected when ventilation support is not sufficient or there is an increase in the work of breathing. Our results were in accordance with studies reporting lower respiratory rate during HFNC than during nCPAP (9, 25) , indicating that HFNC is sufficient as respiratory support and was tolerated by the premature infants in our study. Considering the side effects of nCPAP, it is possible that the lower respiratory rate indicated that the child was more comfortable on HFNC.
Our results indicate that HFNC 6 L/minute might replace nCPAP 3 cmH 2 O, which means a shorter period on nCPAP. A gradual pressure reduction, and then respiratory support with HFNC, might also be expedient for the child, allowing the respiratory muscles to gradually adapt to the lower pressure.
An observational study of 74 weaning attempts that evaluated transcutaneous diaphragmatic activity during weaning from respiratory support found that 15 of the infants failed to be weaned from nCPAP pressure of 3 cmH 2 O to a low flow cannula of 1 L/minute (18) . This might indicate that, for some children, the applied flow was not sufficient even at this low level of respiratory support, assuming that an nCPAP pressure of 3 cmH 2 O is not insignificant for the child.
In our study, we removed two categories from the original Silverman-Andersen Retraction Score. We assumed that in the weaning period, we would not observe grunting (26) . In addition to this chin movement and nasal flaring cannot be observed when the infant is using nCPAP and an observation based on this would be irrelevant. The modified version of the scoring tool was easy to perform using the three categories based on the features of chest movements, intercostal and xiphoid retractions. Future reliability testing of this scoring tool should be performed, applied to the different respiratory support systems available today.
Our study had a number of limitations. The data were recorded and stored in 30-second intervals and, as a result, we were not able to detect apnoic episodes below 30 seconds. However, Edi signals were continuously observed on the ventilator screen. In addition, short apnoeas, desaturations or bradycardias were monitored continuously by a nurse at the bedside during the whole study period. Our population was in a stable clinical condition, none of the children had missing or flat Edi signals at any time point and none of the children were excluded due to worsening of their clinical state. However, in future studies, continuous measurement of Edi signals to analyse the true length and the frequency of apnoeas should be performed.
Skin-to-skin care was part of the daily care in all infants for at least one hour during each intervention and we did not control for this or nursing care, change of positioning and feeding, which are known to influence Edi signals (16, 27, 28) . The variations of Edi signals in one patient during the whole study period are illustrated in Figure 2 .
Pharyngeal pressure was not measured as we did not find this relevant, based on the uncertainty of the true pharyngeal pressure when the mouth was opened or closed and due to the relatively long study period (6) .
Strength of the study was that we used sequences of four hours for each intervention. Such long sequences of Edi signals in weaning from nCPAP to HFNC have, to our knowledge, not been reported before. We think that an evaluation of the Edi signals comparing HFNC and nCPAP during long periods provides valuable data that reflects the child in different states and during daily care in the weaning period from respiratory support.
CONCLUSION
In this study, which measured electrical activity of the diaphragm, no difference in breathing effort was found in premature infants when we compared HFNC 6 L/minute and nCPAP 3 cmH 2 O. We suggest that HFNC might replace nCPAP when the infant is ready for weaning. Diaphragmatic electromyography was a useful tool for evaluating breathing effort in premature infants during HFNC and nCPAP. However, further studies are needed to confirm our findings and before any general recommendations can be given.
